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Latitudinal Differences between Palau and Yap in Coral Reproductive
Synchrony1
JEAN C. KENYON2
ABSTRACT: Twenty-seven species of coral were examined for reproductive
activity in Palau during late spring and early summer 1993, and 10 species in
Yap during the last week of May 1993. Thirteen species in Palau were gravid,
and six were observed spawning during the week following Mayor June full
moon. Spawning occurs over a minimum of 4 months in Palau. By contrast, all
10 coral species sampled in Yap, 420 km to the northeast, were well syn-
chronized for a mass spawning event after June full moon. Intra- and inter-
specific spawning at equatorial latitudes is less tightly synchronized than at
higher latitudes in the central Pacific. Opportunities for hybridization are a
function, in part, of interspecific spawning synchrony. Ifhybridization serves as
a mechanism for speciation in corals, then regions characterized by multispecies
spawning events are more likely to serve as sites of speciation than those where
spawning is more asynchronous.
1 Manuscript accepted 14 June 1994.
2University of Hawai'i at Manoa, Department of
Zoology, Honolulu, Hawai'i 96822.
brooding of larvae versus broadcast spawn-
ing of gametes), and time of reproduction
(Harrison and Wallace 1990). The majority
of species studied to date are hermaphroditic
broadcast spawners (Richmond and Hunter
1990). Most coral species have a lunar peri-
odicity in spawning behavior that is con-
sistent from year to year. Eggs of many coral
species become pigmented (yellow, orange,
or pink) several weeks before maturation
and spawning (Harrison et al. 1984, Babcock
et al. 1986, Heyward et al. 1987, Heyward
1988).
Despite a total of 310 coral species re-
ported from Palau (J. Maragos, 1991, un-
publ. data), fewer than a dozen species had
previously been examined for reproductive
activity. The most recent studies date from
the early 1940s (Abe 1937, Kawaguti 1941).
No published observations of coral repro-
duction exist for Yap. In Guam, the area
closest to Palau and Yap that has been rea-
sonably well studied, spawning behavior that
results in several small-scale synchronized
events has been documented over the sum-
mer months June-August (Richmond and
Hunter 1990, Kenyon 1994). In this paper I
present the results of monitoring selected
corals for reproductive activity in Palau dur-
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IN THE PERIOD since the documentation of
mass coral spawning on the Great Barrier
Reef (Harrison et al. 1984, Willis et al. 1985,
Babcock et al. 1986), studies of coral re-
production have sought to discover the de-
gree to which spawning synchrony occurs in
other geographic regions. Additional infor-
mation regarding coral reproduction exists
for the Caribbean, eastern Pacific, Hawai'i,
central Pacific, southern Japan, Red Sea
(reviewed in Richmond and Hunter 1990),
and western Australia (Simpson 1985). The
degree of reproductive synchrony among
species in these regions ranges from annual
mass spawning, involving more than 140
species over several nights in late spring on
the Great Barrier Reef, to little apparent in-
terspecific synchrony in Hawai'i or the Red
Sea. The general trend appears to be one of
closer synchrony with increased annual sea-
water temperature range (Richmond and
Hunter 1990).
Differences exist among coral species with
regard to sexuality (hermaphroditic versus
gonochoric),-mode__oL.l'eprodllctiQn~(intt:.mal
eM *.44&& -; .11...."".. ,g4¥
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ing late spring and early summer 1993, with
additional observations from Yap.
MATERIALS AND METHODS
Palau
The Palau Islands are the westernmost
group of the western Pacific Caroline Islands.
The islands form a gently curving arc that
centers around 7° N latitude and 134° E
longitude. Eight different sites representing a
variety of habitats were sampled, including
shallow fringing reefs off volcanic and
lagoonal limestone islands, upper channel
slopes, and outer barrier forereefs. The max-
imum depth at which any coral was sampled
was 9 m.
Twenty-seven species from five families
were sampled and examined. Of these,
26 species are known to broadcast spawn
gametes, and one (Acropora bnieggemanni
[Brook]) internally broods larvae (Atoda
1951). Twenty-four species are hermaphro-
dites, and three (Porites cylindrica [Dana],
Porites lutea [Edwards & Haime], Turbinaria
peltata [Esper]) are gonochoric. The genus
Acropora was prioritized for study because its
members are major components of the shal-
low reef assemblage and because maturing
eggs are easily visible. Species were identified
by reference to Veron (1993) and a list com-
piled by J. Maragos (1991, unpubl. data) of
corals reported from Palau since 1975.
All corals sampled measured at least 30
cm in diameter, to avoid sampling young
colonies that had not yet reached sexual
maturity. Some species of Acropora are well
known to propagate through asexual frag-
mentation (Randall 1973, Bothwell 1981,
Highsmith 1982, Wallace 1985), and care
was taken to minimize sampling from clone-
mates by choosing widely separated or mor-
phologically distinct colonies.
Branch pieces 5-7 cm long were removed
_by_hand, _and_hoth_broken_ ends_were_exam,,-
ined by eye for conspicuous eggs. Collected
samples were fragmented with hammer and
chisel into at least five pieces, and the polyp
calices along the periphery of each frag-
mented piece were examined with a dissect-
ing microscope for eggs and testes. For each
gravid sample, the maximum length of 10-50
eggs was measured and color of eggs was
noted.
Viable portions of colonies with colored
eggs were placed in a shallow flow-through
tank and examined several times each eve-
ning for signs of spawning. When spawning
was observed, the remaining part of the col-
ony in the field was subsequently examined
for presence or absence of gonads.
Yap
Yap Island (9° N, 138° E) is located in the
western Caroline Islands, roughly 420 km
northeast of Palau and 920 km southwest of
Guam. Partway through the study, when it
became apparent that the temporal pattern of
reproduction in Palau differed from that
characteristic of Guam (13° N, 144° E), a trip
was made to Yap to assess the fertility of se-
lected corals at an intermediate latitude. Two
to eight colonies of each of 10 species were
sampled on the shallow (3-4.5 m) reef flat
adjacent to Guufnuw Channel and examined
by eye for presence or absence of eggs.
RESULTS
Palau
Of 27 species examined between 6 May
and 11 June 1993, 13 had gravid colonies
(Table 1). Of these 13 species, 12 are known
to broadcast spawn gametes, and one (Ac-
ropora brueggemanni) broods larvae. Of the
12 broadcast-spawning species, colonies of
six species (Acropora carduus [Dana], A. clath-
rata [Brook], A. florida [Dana], A. secale
[Studer], Acropora sp. [arborescent], and
Turbinaria peltata) that were maintained in
flow-through tanks were observed spawning
(Table 2). Spawning by all six species oc-
curred during~the-week-between-fu11 meen-
and last quarter, between 1900 and 2200
hours. Acropora carduus spawned four and
five nights after the May full moon. Acropora
clathrata, A. secale, A. florida, and Turbi-
TABLE 1
REPRODUCfIVE STATUS OF CORALS SAMPLED IN PALAU AND EXAMINED WITH A DISSECfING MICROSCOPE FOR
DEVELOPING EGGS OR LARVAE BElWEEN 6 MAy AND 11 JUNE 1993
SPECIES
Acropora carduus (Dana)
A. hyacinthus (Dana)
A. formosa (Dana)
A. humilis (Dana)
A. nasuta (Dana)
A. tenuis (Dana)
A. echinata (Dana)
A. digiti/era (Dana)
A. secale (Studer)
A. divaricata (Dana)
A. pulchra (Brook)
A. cytherea (Dana)
A. austera (Dana)
A. granulosa (Edwards & Haime)
A. clathrata (Brook)
A. florida (Dana)
A. valenciennesi (Edwards & Haime)
A. horrida (Dana)
A. paniculata (Verriil)
Acropora sp. (arborescent)
A. brueggemanni (Brook)
Porites lutea (Edwards & Haime)
Porites cylindrica (Dana)
Echinopora lamellosa (Esper)
Montipora aequituberculata (Bernard)
Turbinaria peltata (Esper)
Pectinia paeonia (Dana)
NO. OF COLONIES
SAMPLED
6
10
39
20
17
22
18
24
12
2
4
13
5
5
16
19
4
4
1
2
12
3
8
5
13
1
4
TABLE 2
NO. OF COLONIES
GRAVID
6
o
12
o
o
o
o
o
2
2
o
o
o
5
16
15
1
4
1
2
8
o
o
o
o
1
o
SAMPLING INTERVAL
6-8 May
6 May-2 June
6 May-9 June
6 May-9 June
6 May-9 June
6 May-9 June
6 May-9 June
6 May-9 June
6 May-11 June
8 May
8-16 May
8 May-2 June
8 May-2 June
8 May-8 June
8 May-11 June
8 May-11 June
12-24 May
14 May-1O June
4-11 June
4-11 June
6-22 May
6 May
6-8 May
6-22 May
8-22 May
21 May-11 June
22 May
SUMMARY OF 1993 SPAWNING DATES AND EGG SIZE FOR 10 FERTILE CoRAL SPECIES IN PALAU
MEAN DIAMETER MEAN DIAMETER
SPAWNING SPAWNED EGGS WHITE EGGS
SPECIES DATES (11m) (11m)
Acropora carduus 10, 11 May (4, 5) 531
A·formosa 470
A. secale 11 June (6) NR 674
A. granulosaa ?June? (698) 540
A. clathrata 11 June (6) 566
A.jWrida 11 June (6) 562
A. horrida 567
A. paniculata 610
Acropora-sp,-{arboreseent}- -12-Junep} NR_ 5.5_5__
Turbinaria peltata 11 June (6) 643
NOTE: Nwnbers in parentheses following spawning dates refer to nwnber of nights after the full moon. Sizes of immature, white
eggs were measured shortly after the June full moon. Between 30 and 150 eggs were measured for each species. NR, not recorded.
"Though not observed, spawning probably occurred in colonies with darkly pigmented eggs.
H 4\d'P@¥ *PWO§dM'UW?¥§¥P@iflAd g 4#£iiMNA $.£0.....
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naria peltata spawned six nights after the
June full moon, and Acropora sp. (arbores-
cent) spawned one night later. Subsequent
observations of gravid colonies that had been
flagged for relocation on the reef confirmed
that spawning had occurred in these colonies
as well.
Seven of the 13 gravid species (Acropora
florida, A. secale, Acropora sp. [arborescent],
A. granulosa [Edwards & Haime], A. formosa
[Dana], A. horrida [Dana], A. paniculata
[Verrill]) still had immature white eggs at the
end of the study period (11 June). Of these,
three species had some colonies that had
spawned after the 4 June full moon (Acro-
poraflorida, A. secale, Acropora sp. [arbores-
cent]). The size of eggs still developing in
gravid colonies of these species (Table 2)
suggests that spawning probably also oc-
curred in July.
Although spawning was not documented
in A. granulosa, the presence of colonies with
either darkly pigmented or white eggs shortly
after the June full moon suggests that spawn-
ing is probably "split" over at least 2 months
for this species as well. The size of developing
eggs in A. formosa, A. horrida, and A. pan-
iculata when last sampled around June full
moon (Table 2) suggests that maturation and
spawning occurred in July, although con-
tinued development into August cannot be
ruled out. Developing eggs in A. divaricata
(Dana), A. valenciennesi (Edwards & Haime),
and A. brueggemanni were not monitored
long enough to determine time of maturation
and release (Table 1).
The degree of intraspecific synchrony var-
ied greatly among species and sites. All ex-
amined colonies of A. carduus, A. horrida, A.
clathrata, and A. granulosa were gravid when
first sampled (Table 1). By contrast, even
at the same study site some colonies of A.
florida, A. secale, and A. brueggemanni were
gravid while others were not. Some species
when sampled from different sites showed
similar degrees of reproductive development,
but other species showed disparities. For
example, ripe colonies of A. clathrata were
found on both the east and west barrier reef
slope (Lighthouse Channel and Ulong Chan-
nel area, respectively). By contrast, the fertil-
ity of colonies of A. formosa varied between
study sites. Either all the colonies of this spe-
cies examined from a given site were gravid
(fringing reefs off Malakal Island and a site
in the Rock Islands) or all were not gravid
(e.g., off Ulong Island and the K-B Bridge).
Yap
Of 10 species examined, all had colonies
with darkly pigmented eggs (Table 3). Every
colony of every species examined had con-
spicuous eggs. Two species (A. danai and A.
formosa) had some colonies with colored,
ripe eggs, but other colonies had immature
white eggs. No colony had eggs in both de-
velopmental stages. All sampled colonies of
TABLE 3
SUMMARV OF CORALS SAMPLED AND EXAMINED WITH THE NAKED EVE FOR DEVELOPING EGGS ON THE REEF FLAT
ADJACENT TO GUUFNUW CHANNEL, YAP, ON 27 MAv 1993, 8 DAVS BEFORE THE 4 JUNE FULL MOON
SPECIES
Acropora danai
A. formosa
A. va/itill
A. digitifera
A. tenuis
A._cytherea
A. hyacinthus
A·florida
A. surcu/osa
Montipora digitata
NO. OF COLONIES
SAMPLED
8
6
6
3
3
6
6
6
2
4
NO. OF COLONIES WITH
COLORED EGGS
6
3
6
3
3
6
6
6
2
4
NO. OF COLONIES WITH
WHITE EGGS
2
3
o
o
o
o
o
o
o
o
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the remaining eight species had colored, ripe
eggs.
DISCUSSION
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contained immature white eggs. Variability
in egg size among gravid colonies of A. for-
mosa in Palau suggests that spawning may
occur in both July and August.
Lunar Periodicity and Tidal Regime
The six coral species that were observed
spawning in Palau all did so between full
moon and lunar last quarter. These observa-
tions are in agreement with studies from
other regions, including the Great Barrier
Reef, Okinawa, and Guam (Richmond and
Hunter 1990, Kenyon 1994).
On any given spawning night, the time of
spawning occurred rougWy midway between
low and high tide, a period of maximum in-
coming tidal current flow. Such timing may
serve to facilitate mixing of gametes and
dispersal of developing embryos.
Interspecific Synchrony
Substantial interspecific synchrony has
been documented among corals on the Great
Barrier Reef and, to a lesser extent, in Oki-
nawa and Guam (Heyward et al. 1987,
Richmond and Hunter 1990). The presence
of colored eggs in nearly every colony of 10
species examined in Yap 1 week before the
June full moon suggests that a major spawn-
ing event occurred in those waters shortly
thereafter. Local residents are aware of the
mass synchronous spawning of corals from
four to eight nights after the full moon just
before the wet season (B. Goldman, pers.
comm.). By contrast, the pattern in Palau in-
dicated by this study is one of greater asyn-
Intraspecific Synchrony chrony. The gravid corals identified during
this study were spread out over at least sev-
During spawning, all or most of the ma- eral months in tll-eir spawning periodicity.
ture reproductive products of a colony are Spawning was directly observed in May (A.
expelled (Wallace 1985, Kenyon 1992). On carduus) and June (A. clathrata, A. secale, A.
the Great Barrier Reef, where spawning at a florida, Acropora sp. [arborescent], Turbi-
given site is higWy synchronized during a naria peltata) while other species still had
major annual event, some Acropora species immature eggs developing (A. formosa, A.
may spawn over two or more periods, as horrida, A. paniculata, A. granulosa). The size
suggested by the presence of two categories of developing eggs in these species (Table 2)
of egg size in dissected samples (Wallace suggests that spawning probably occurred in
1985). Degeneration or resorption of un- July and possibly in August. Some species
spawned eggs has not been documented in clearly spawn over at least 2 months (e.g., A.
Acropora. florida, A. secale, Acropora sp. [arborescent]).
Gravid corals sampled in Palau showed In addition, a number of species that are
substantial variation in intraspecific syn- important components of the shallow reef
chrony, but those in Yap were well syn- assemblage, and that participate in syn-
chronized. The degree of intraspecific syn- chronized multispecies spawnings elsewhere,
chrony may be characteristic of a particular were devoid of gonads at the commencement
species. For example, spawning in A. danai in of this study (A. digitifera [Dana], A. humilis
Guam typically occurs in two consecutive [Dana], A. tenuis [Dana], A. echinata [Dana],
summer months (pers. obs.). The presence of A. nasuta [Dana], A. cytherea [Dana], and
colonies with either white or colored eggs others [see Table 1]). There is currently no
suggests that the same is true for this species evidence to choose among several alter-
in-Y:ap~tFable~}.-Similady,--AT-formosa-in- nati¥es__describing__theiLx.eproductive be-
Yap probably demonstrates "split" spawn- havior in Palau: (1) these and other species
ing, because some colonies had ripe eggs are well synchronized, releasing gametes ear-
shortly before June full moon while others lier in the year, (2) these and other species are
"fl~ p' ! . Ii 4' we; 6iiASJlPPQW if agg , imM## AJ¥ 44fWI8UM
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asynchronous, with spawning spread out
over several months, or (3) these and other
species are sterile. Only future research will
discriminate among these alternatives. Even
given the most conservative premise of syn-
chronous spawning by these species in April,
the time range of coral reproduction in Palau
would be a minimum of 4 months, from
April to July.
The study reported here lends weight to
the trend noted by Richmond and Hunter
(1990) that reproductive seasonality and syn-
chrony diminish at lower latitudes (Oliver
et al. 1989), accompanied by decreased tem-
perature range (Shlesinger and Loya 1985,
Babcock et al. 1986). In Palau the seawater
temperature is stable year-round, ranging
between 28 and 31 0 C, with an average of
around 29 0 C (Hatai 1937). In this regard it is
interesting to note that giant clams (Tridacna
and Hippopus spp.) in Palau have been found
in spawning condition throughout the year,
whereas in more seasonal climates of Aus-
tralia and Fiji spawning is more likely to oc-
cur in the warmer summer months (Heslinga
et al. 1990).
Biogeographical Implications ofReproductive
Synchrony
The center of high coral diversity lies
within the triangle demarcated by the north-
ern Philippines, Borneo, and Papua New
Guinea and extends along a line south to the
southern Great Barrier Reef (Stehli and
Wells 1971, Veron 1985, 1993). Coral bio-
geographers have long debated whether the
Indo-Pacific center of high diversity is a
"cradle" in which species have arisen (Stehli
and Wells 1971, Potts 1984, McManus 1985)
or a "museum" in which species have accu-
mulated (Heck and McCoy 1978, Rosen
1984, Jokiel 1990, Wallace et al. 1991).
Considerations of the degree of spawning
synchrony and the opportunities for hybrid-
ization suggest a new approach to this per-
_ _ sistentpJ".Qblem. Recent experiInentaLw_orkin
Australia (Willis et al. 1992, Kenyon 1994),
Okinawa, Guam (R. Richmond, pers. comm.),
and Palau (Kenyon 1994) has demonstrated
that hybridization can occur between species
and even between genera during synchronized
multispecies spawning events. In other ani-
mal and plant groups where hybridization
has been studied, it can result in the produc-
tion of hybrid swarms (palmer 1948, Tucker
1952, Sibley 1954, Grant 1981, Wilde and
Echelle 1992), introgression (Anderson 1949,
Turner 1971, Arnold 1992), or hybrid spe-
ciation (Grant 1981, Arnold et al. 1990, Rie-
senberg et al. 1990, DeMarais et al. 1992). If
hybridization operates as a mechanism of
speciation in corals, then the degree to which
coral spawning is synchronized between spe-
cies influences the opportunities for hybrid-
ization and therefore the biogeography of
speciation. Hybridization is in part a func-
tion of spawning synchrony. Geographic re-
gions with high species diversity and multi-
species spawning, such as the Great Barrier
Reef, provide more opportunities for hybrid-
ization than regions with lower species di-
versity and greater asynchrony of spawning,
such as the Red Sea (Shlesinger and Loya
1985) or Hawai'i (Heyward 1985, Hunter
1989, Kenyon 1992). Aside from two sites on
the northern coast of Papua New Guinea
(Oliver et al. 1989), no other published data
exist regarding temporal patterns of coral re-
production in the high-diversity triangle de-
marcated by Indonesia, Borneo, and Papua
New Guinea. The total of 69 genera pres-
ently documented in Palau is comparable
with the generic totals for the Great Barrier
Reef and places Palau within the high coral
diversity center of the Indo-Pacific (J. Mar-
agos, 1991, unpubl. data). To the extent that
hybridization in corals may operate as a
mechanism for speciation, the trend toward
spawning asynchrony in both Palau and
northern Papua New Guinea supports the
view that the high-diversity triangle repre-
sents a process of species accumulation more
than a process of species origin.
In contrast, the most recent species in-
ventory in Yap (A. Orcutt, 1989, unpubl.
data)_documents_102~fewer~_speGies-ami-1-2--
fewer genera than are present in Palau. De-
spite the fewer number of species in Yap, the
high degree of reproductive synchrony that is
162
documented in the study reported here im-
plies that there are many opportunities for
hybridization. Coral populations in equato-
rial latitudes, as exemplified by Papua New
Guinea and Palau, may be less likely to
function as sites of hybrid-driven speciation
than those in higher-latitude regions such as
Yap, Guam, and Australia, which are char-
acterized by more highly synchronized inter-
specific spawning.
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